Matrix metalloproteinase-9 (MMP-9) plays important roles in tumor invasion and angiogenesis. Secretion of MMP-9 has been reported in various cancer types including lung cancer, colon cancer, and breast cancer. In our investigation of MMP-9 regulation by growth factors, MMP-9 was activated by heregulin-b1 as shown by zymography in both SKBr3 and MCF-7 breast cancer cell lines. Increase in MMP-9 activity was due to increased MMP-9 protein and mRNA levels, which mainly results from transcriptional upregulation of MMP-9 by heregulinb1. Heregulin-b1 activates multiple signaling pathways in breast cancer cells, including Erk, p38 kinase, PKC, and PI3-K pathways. We examined the pathways involved in heregulin-b1-mediated MMP-9 activation using chemical inhibitors that speci®cally inhibit each of these heregulinb1-activated pathways. The PKC inhibitor RO318220 and p38 kinase inhibitor SB203580 completely blocked heregulin-b1-mediated activation of MMP-9. MEK-1 inhibitor PD098059 partially blocked MMP-9 activation, whereas PI3-K inhibitor wortmannin had no eect on heregulin-b1-mediated MMP-9 activation. Therefore, at least three signaling pathways are involved in the activation of MMP-9 by heregulin-b1. Since MMP-9 is tightly associated with invasion/metastasis and angiogenesis, our studies suggest that blocking heregulin-b1-mediated activation of MMP-9 by inhibiting the related signaling pathways may provide new strategies for inhibition of cancer metastasis and angiogenesis. Oncogene (2001) 20, 8066 ± 8074.
Introduction
Matrix metalloproteinase-9 (MMP-9) belongs to a family of zinc-and calcium-dependent metalloproteinases which are involved in the breakdown of extracellular matrix during tissue remodeling. Along with other metalloproteinases, MMP-9 plays a key role in physiological processes such as development, wound healing, angiogenesis, and also in pathological processes such as in¯ammation, tumor invasion and metastasis (reviewed by Parks and Mecham, 1998) .
Elevated expression of MMP-9 is associated with increased metastatic potential in many cancer types including breast cancer, prostate cancer, brain cancer, and melanoma (Hujanen et al., 1994; Jones et al., 1999; Rao et al., 1993; Sehgal et al., 1996) . For example, MMP-9 was detected in 68% of primary breast carcinomas, either in the stromal compartment or adjacent to tumor cells (Jones et al., 1999) . A signi®cant correlation between the expression of MMP-9 and tumor grade has also been reported in bladder cancer (Davies et al., 1993b) . Also, MMP-9 activity was dramatically higher in human malignant brain tumors compared to less malignant or normal brain tissue extracts (Rao et al., 1993 ). Furthermore, elevated serum level of MMP-9 was shown to correlate with spontaneous metastasis in rat mammary tumor models (Nakajima et al., 1993) . Inhibition of MMP-9 expression and/or activity resulted in reduction of tumor invasion and metastasis in animal studies (Davies et al., 1993a; Garbisa et al., 1987; Lozonschi et al., 1999) . Mice de®cient in MMP-9 were viable but exhibited an abnormal pattern of skeletal growth plate vascularization (Vu et al., 1998) . Cultured growth plate cells from MMP-9-null mice showed a delayed release of some angiogenic activators, suggesting that MMP-9 may play a positive role in regulating angiogenesis. This ®nding is supported by a recent report that cell surface-localized MMP-9 proteolytically activated proTGFb and promoted tumor invasion and angiogenesis (Yu and Stamenkovic, 2000) . However, MMP-9 can also cleave plasminogen to generate angiostatin, an angiogenesis inhibitor (Patterson and Sang, 1997) .
Secretion of MMP-9 can be stimulated by a variety of factors including cytokines, growth factors, phorbol esters, and bacteria endotoxins. For example, epidermal growth factor and amphiregulin stimulate MMP-9 secretion in the SKBr3 human breast cancer cell line (Kondapaka et al., 1997; Shima et al., 1993) . TGF-b also activates MMP-9 in breast cancer and prostate cancer cells (Samuel et al., 1992; Sehgal et al., 1996; Welch et al., 1990) . In addition, expressions of oncogenic Ras and Src in cancer cells also lead to expression of MMP-9, suggesting that various stimuli may activate cellular signaling pathways controlled by these oncoproteins to upregulate MMP-9 (Ballin et al., 1988; Sato et al., 1993) . Induction of MMP-9 is also regulated through cell-cell contacts and cell-extracellular matrix interaction. For example, ®broblasts cultured with colon carcinoma cells were induced to secrete MMP-9 (Segain et al., 1996) .
Regulation of MMP-9 activation by various stimuli in dierent cellular settings may involve dierent signal transduction pathways. MMP-9 activity was markedly stimulated in tumor cell lines by PMA, a known PKC activator, suggesting a possible role for PKC in activation of MMP-9 (Huhtala et al., 1991; Moll et al., 1990) . In addition, PMA-induced MMP-9 activities in UM-SCC-1 cell line were abolished by inhibition of p38 kinase (Simon et al., 1998) . Inhibition of Erk activation by MEK inhibitor PD098059 blocked MMP-9 production and attenuated the in vivo invasiveness of head and neck squamous carcinoma cells (Simon et al., 1999) . Involvement of JNK signaling pathway in regulation of MMP-9 is also reported (Gum et al., 1997) . Finally, secretion of newly synthesized MMP-9 from HT1080 human ®brosarcoma cells was regulated by phospholipase D activity (Williger et al., 1999) , which may regulate MMP-9 production at a late stage.
Heregulins are a family of growth factors that regulate growth, dierentiation, and survival of breast cancer cells and various other cancer cells (Holmes et al., 1992; Lupu et al., 1990; Peles et al., 1992) . Heregulin binds directly to membrane receptors HER3 and HER4 which form heterodimers with HER2 Plowman et al., 1993; Sliwkowski et al., 1994) . Heregulin is produced by both stroma cells such as ®broblasts and tumor cells including breast carcinomas and melanomas (Holmes et al., 1992; Wen et al., 1992) . Messenger RNA transcripts of heregulin were detected in about 25% of human mammary carcinomas (Normanno et al., 1995) , a percentage similar to HER2 overexpression. However, there is no signi®cant association between expression of these two molecules. The role of heregulins in tumor invasion and metastasis is not yet clear.
In this study, we demonstrated that heregulin-b1 induced MMP-9 secretion from MCF-7 and SKBr3 breast cancer cell lines via activation of multiple signaling pathways that led to transcriptional upregulation of MMP-9.
Results
HRG-b1 induced MMP-9 secretion in SKBr3 and MCF-7 breast cancer cells A panel of breast cancer cell lines was examined for their response to heregulin-b1 treatment to secrete MMP-9. The cell lines included MDA-MB-435, MDA-MB-231, MDA-MB-453, BT-474, SKBr3, MCF-7, and 435.eB1, a stable transfectant expressing high levels of erbB2 derived from MDA-MB-435 cells. Heregulin-b1 treatment signi®cantly increased MMP-9 gelatinolytic activity in MCF-7 and SKBr3 cell lines, but not in other breast cancer cell lines (Figure 1a and data not shown). In contrast, activities of MMP-2, another closely related MMP, was not induced by heregulin-b1 treatment in all cell lines examined at the same time. Induction of MMP-9 gelatinolytic activity was timeand concentration-dependent and could be readily detected when SKBr3 cells were treated with as low as 2 ng/ml heregulin-b1 for 24 h (Figure 1b) . MCF-7 cells had a higher basal level of MMP-9 activity than SKBr3 cells. Nevertheless, induction of MMP-9 activity could be detected in MCF-7 cells 24 h after heregulin-b1 (45 ng/ml) treatment.
Western blot analysis of MMP-9 demonstrated that heregulin-b1 induced MMP-9 protein secretion from SKBr3 ( Figure 2a ) and MCF-7 cells (data not shown). The MMP-9 protein levels correlated well with MMP-9 gelatinolytic activity shown in the zymographic assays ( Figure 1 ). Therefore, increased MMP-9 Figure 1 Heregulin-b1 increased MMP-9 activity in breast cancer cells. (a) Induction of MMP-9 gelatinolytic activity by heregulin-b1 in SKBr3 and MCF-7 breast cancer cell lines. Cells were starved in serum-free medium for 12 h and then treated with recombinant heregulin-b1 at a ®nal concentration of 20 ng/ml. Cells were harvested 24 h later and conditioned medium concentrated and subjected to zymography. Relative fold of induction of MMP-9 in SKBr3 and MCF-7 cells was quantitated by densitometry. Supernatant from mouse cell line B104-1-1 was used as a positive control of MMP-2. (b) Dose-and timedependent activation of MMP-9 by heregulin-b1 in SKBr3 and MCF-7 breast cancer cell lines. Zymographic assay was performed as in (a) with the indicated concentrations of heregulin-b1 for 24 h (left) or the indicated time with 10 ng/ml heregulin-b1 gelatinolytic activity induced by heregulin-b1 was due to increased MMP-9 protein production and secretion. To further examine whether heregulin-b1-mediated increase of MMP-9 protein level was mostly due to increased MMP-9 messenger RNA expression, northern hybridization analysis and RT ± PCR were performed to detect MMP-9 mRNA in heregulin-b1 treated and untreated SKBr3 cells. Untreated SKBr3 cells had a basal MMP-9 mRNA level that was barely detectable by northern hybridization (Figure 2b) . However, an increase in MMP-9 mRNA level could be detected 6 h after heregulin-b1 treatment. The MMP-9 mRNA levels continued to increase until 24 h after heregulin-b1 treatment (Figure 2b ). RT ± PCR was more sensitive than northern hybridization and detected a basal signal in untreated SKBr3 cells (Figure 2c ). Additionally, RT ± PCR results con®rmed that MMP-9 mRNA level increased 6 h after heregulin-b1 treatment of SKBr3 cells (Figure 2c ) and MCF-7 cells (data not shown). Therefore, increased MMP-9 messenger RNA levels contributed to increased MMP-9 protein levels in heregulin-b1-treated SKBr3 and MCF-7 cells. Notably, the increase of MMP-9 mRNA levels was not due to increased MMP-9 mRNA stability, because heregulin-b1 did not signi®cantly change MMP-9 mRNA decay rate (data not shown).
Heregulin-b1 increased MMP-9 promoter activities in SKBr3 and MCF-7 cells
To examine whether the increase in MMP-9 mRNA level was due to increased transcription from the MMP-9 promoter, a luciferase reporter gene driven by a 2.2 kb MMP-9 promoter (pMMP-9-2.2 k-luc) or by a shorter 670 bp MMP-9 promoter (pMMP9-670-luc) was transfected into SKBr3 cells and luciferase activities were measured (Figure 3a) . Heregulin-b1 treatment led to an approximately 2.4-fold increase of luciferase activity using both pMMP-9-2.2k-luc and pMMP9-670-luc. This indicated that heregulin-b1 indeed upregulated MMP-9 at the transcriptional level and that the proximal 670 bp promoter region may contain the heregulinb1-response element(s) inside the 2.2 kb MMP-9 promoter. To con®rm this observation, pMMP9-670-Luc reporter plasmid was transfected into MCF.HRG cells that constitutively secrete the functional EGF-like domain of human heregulin-b1, as well as into the MCF.Zeo control cell line. Figure 3b shows that luciferase activity increased more than 2.5-fold in MCF.HRG cells compared to that of MCF.Zeo cells. In addition, we cloned the 670 bp MMP-9 promoter region devoid of the minimal promoter region (-46bp to transcriptional start) into a TK promoter-luciferase reporter and transfected it into both MCF-7 and SKBr3 cells treated with or without heregulin-b1. Luciferase activities from MMP9-670-TK-luc reporter gene also showed an approximately 2.4-fold increase in heregulin-b1-treated MCF-7 or SKBr3 cells compared with untreated cells (Figure 3c ). All these data con®rmed that heregulin-b1 indeed induced transcription from the MMP-9 promoter. It should be noted that the transcription induction by heregulin-b1 was modest when compared to the dramatic increases of gelatinolytic activities in heregulin-b1-stimulated SKBr3 cells. This suggested that other mechanisms in addition to transcriptional upregulation could be involved in heregulin-b1-induced MMP-9 activation.
To further de®ne the heregulin-b1-responsive elements in the 670 bp MMP-9 proximal promoter, a series of promoter 5'-deletion constructs linked to the luciferase reporter gene was transfected into heregulin-b1 treated and untreated SKBr3 cells. Luciferase assays showed that promoter deletion from the 5' end up to ± 241 bp did not signi®cantly change the basal MMP-9 promoter activity, but slightly decreased the response of the promoter to heregulin-b1 treatment ( Figure 3d ). The shortest reporter construct with only an 84 bp promoter region (pMMP-9-84-luc) had dramatically decreased basal promoter activity and also completely lost response to heregulin-b1 treatment. The data suggested that a major heregulin-b1-response element(s) resides in promoter region 784 bp to 7241 bp and that the promoter regions from 7241 bp to ± 670 bp also contribute to heregulinb1-induced transactivation. Conditioned media were collected after 20 h and concentrated. Western blot analysis was performed using an antibody against MMP-9. (b) and (c) Heregulin-b1 increased messenger RNA level of MMP-9 in SKBr3 cells. SKBr3 cells were starved and treated with 10 ng/ml heregulin-b1 for the indicated times. Total RNAs were prepared and equal amounts of RNA were subjected to Northern analysis (b) or used to perform RT ± PCR experiments (c). MMP-9 signal was shown as a PCR band of 520 bp and bactin mRNA of 287 bp was also ampli®ed by RT ± PCR in the same reaction as a loading control
Multiple signaling pathways regulated heregulin-b1-induced MMP-9 secretion
We have previously shown that heregulin-b1 can activate several signaling pathways in MCF-7 and SKBr3 cells including Erk, p38 kinase, PI3-K, and PKC pathways (Tan et al., 1999; Xiong et al., 2001) . To examine which of these signaling pathways may be involved in induction of MMP-9 by heregulin-b1, we used chemical inhibitors of these signaling pathways to examine the requirement of activation of each pathway in heregulin-b1-mediated MMP-9 upregulation. PD098059 is known to selectively block the activity of MAP kinase kinase (MEK), an activator of Erk kinases. SB203580 is a speci®c inhibitor for p38 kinase. RO318220 inhibits PKC activity and wortmannin inhibits PI3-K activity. Dierent concentrations of these chemical inhibitors were added to heregulin-b1-treated SKBr3 cells. Heregulin-b1-induced MMP-9 activation was partially blocked by PD098059 at concentrations above 10 mM, which partially inhibited heregulin-b1-induced Erk activation (Figure 4a ). However, PD098059 had no eect on MMP-2 activity ( Figure 4a ). Wortmannin had no apparent eect on heregulin-b1-mediated activation of MMP-9 even at a high concentration of 40 nM that eectively inhibited heregulin-b1-mediated activation of Akt, a downstream target of PI3-K (Figure 4b) . Therefore, the Erk pathway contributes to heregulin-b1-induced activation of MMP-9 while the PI-3K pathway, despite its activation by heregulin-b1, does not contribute to MMP-9 activation.
Interestingly, inhibition of p38 kinase by SB203580 and inhibition of PKC by RO318220 all eectively blocked heregulin-b1-mediated activation of MMP-9 (Figure 4c,d ). SB203580 inhibited heregulin-b1 mediated MMP-9 upregulation in a concentration dependent manner and it completely blocked MMP-9 induction by heregulin-b1 at a concentration of 10 mM (Figure 4c ). PKC inhibitor RO318220 was the most Figure 3 Heregulin-b1 induced transcription upregulation from MMP-9 promoter in SKBr3 and MCF-7 cells. (a) SKBr3 cells were transfected with luciferase reporter plasmids carrying a full-length MMP-9 promoter (pMMP9-2.2k-luc), or a proximal promoter (pMMP9-670-luc). Cells were starved overnight after transfection and then stimulated with 10 ng/ml heregulin-b1 for 24 h. Cell lysates were prepared and subjected to luciferase assay. (b) MCF-7.Zeo and MCF.HRG cell lines were transfected with pMMP9-670-luc and luciferase assay performed 40 h after transfection. (c) MCF-7 and SKBr3 cells were transfected with pMMP9-670-TK-Luc. Cells were treated with heregulin-b1 and the luciferase assays were performed as in (a). (d) De®ning heregulin-b1-responsive region in MMP-9 proximal promoter. SKBR3 cells were transfected with the indicated luciferase reporter constructs carrying dierent length of MMP-9 promoter regions. Heregulin treatment and luciferase assay were performed as in (a) potent inhibitor of heregulin-b1-induced MMP-9 activation. It completely inhibited MMP-9 activation at a concentration of 5 mM (Figure 4d ). This ®nding was further con®rmed by applying two other PKC inhibitors RO320432 and GO6976 (Figure 4d ). PKC consists of a family of isoforms including PKC a, b, e, and z, which are dierentially activated and perform dierent functions. It is known that the IC 50 of these PKC inhibitors for PKCa and b are similar, but RO318220 inhibits PKCe at a lower concentration than RO320432 and GO6979 does not inhibit PKCe (Gschwendt et al., 1996) . Thus, more potent inhibition of MMP-9 activation by RO318220 suggested that PKCe may be an important PKC isoform in mediating the upregulation of MMP-9 by heregulin-b1.
We next investigated whether these chemical inhibitors may block heregulin-b1-induced upregulation of MMP-9 mRNA and transcription. Northern analysis demonstrated that the MEK inhibitor PD098059 partially blocked heregulin-b1-induced upregulation of MMP-9 mRNA (Figure 5a ), which is consistent with its partial inhibition of MMP-9 activity (Figure 4a ). Both RO318220 and SB203580 completely blocked the heregulin-b1-induced increase of MMP-9 mRNA level (Figure 5a) . Furthermore, the luciferase assay on pMMP9-670-luc transfected SKBr3 cells treated with or without heregulin-b1 revealed that PD098059 weakly inhibited MMP-9 transcriptional upregulation by heregulin-b1 (Figure 5b ). In contrast, SB203580 eectively blocked heregulin-b1-mediated MMP-9 transcriptional upregulation and had no eect on MMP-9 promoter basal activity. Notably, the PKC inhibitor RO318220 inhibited both heregulin-b1-mediated MMP-9 transcriptional upregulation and MMP-9 basal transcription (Figure 5b ). These data suggested that (1) PKC contributes to both basal and heregulin-b1-induced expression of MMP-9, (2) PKC and p38 kinase regulate heregulin-b1-induced transcription of MMP-9 from the MMP-9 promoter, and (3) Erk kinase may partially contribute to heregulin-b1-induced upregulation of MMP-9 expression and activity at post-translational levels.
It has been reported previously that MMP-9 plays an important role in tumor cell invasion (Hujanen et al., 1994; Jones et al., 1999; Rao et al., 1993; Sehgal et al., 1996) . To explore the biological impact of heregulin-b1-induced MMP-9 upregulation, we examined the eects of these chemical kinase inhibitors on heregulin-b1-induced invasion of SKBr3 breast cancer cells by in vitro invasion assay. As shown in Figure 6a , heregulin-b1-induced SKBr3 cell invasion could be signi®cantly inhibited by PD98059 and SB203580 (approximately 70% inhibition) and almost completely blocked by RO318220 (more than 90% inhibition). The results demonstrated that heregulin-b1-induced breast cancer cell invasion can be blocked by multiple kinase inhibitors that inhibit heregulin-b1 down-stream signaling pathways for MMP-9 upregulation. This indicated Figure 4 Eects on heregulin-b1-induced activation of MMP-9 using chemical inhibitor PD098059 (a), wortmannin (b), SB203580 (c), and PKC inhibitors (d). SKBr3 cells were starved for 12 h and then stimulated with 10 ng/ml heregulin-b1 in the presence of the indicated concentrations of the chemical inhibitors. After 24 h of incubation, conditioned media were collected, concentrated, and subjected to zymographic assay (a ± d, left panels). To test the ecacy of inhibitors, SKBr3 cells were starved for 12 h, pretreated with the inhibitors at the indicated concentrations for 1 h, and stimulated by 10 ng/ml heregulin-b1 for 7 min. Cell lysates were prepared and subjected to Western blot analysis using antibodies against Erk, Akt, and p38 (a ± c, right panels) that MMP-9 upregulation contributed to heregulin-b1-induced breast cancer cell invasion.
Discussion
In this study, we demonstrated that heregulin-b1 was able to upregulate MMP-9 secretion in SKBr3 and MCF-7 breast cancer cell lines. This induction was speci®c for MMP-9 since heregulin-b1 did not induce secretion of MMP-2, another closely related gelatinase, under the same experimental conditions (Figure 1 ). Despite high homology in their amino acid sequences, the promoters of MMP-9 and MMP-2 consist of dierent cis-elements (Parks and Mecham, 1998) , hence respond to dierent stimuli.
Among a panel of seven breast cancer cell lines, signi®cant increases of MMP-9 activity after heregulinb1 treatment were observed in SKBr3 and MCF-7 cell lines. Both MCF-7 and SKBr3 cells have relatively high expression of HER3 receptors for heregulins (Aguilar et al., 1999) , which may contribute to the induction of MMP-9 by heregulin-b1. However, other cell lines with high HER3 expression (such as MDA-MB-453 or BT474) did not respond to heregulin-b1 to Figure 5 Eect of PD098059, SB203580, and RO318220 on heregulin-b1-induced upregulation of MMP-9 mRNA level and MMP-9 transcription. (a) SKBr3 cells were starved and treated with 10 ng/ml heregulin-b1 in the presence or absence of the indicated inhibitors (20 mM PD098059, 10 mM SB203580, or 5 mM RO318220) for 20 h. Total RNA were prepared and subjected to Northern analysis with the MMP-9 cDNA probe (upper panel) or with GAPDH probe as an internal loading control. (b) SKBr3 cells were transfected with pMMP9-670Luc. Cells were starved after transfection and treated with 10 ng/ml heregulin-b1 for 24 h along with the same concentrations of chemical inhibitors used in (a) or with DMSO as a control. Cell lysates were then prepared and subjected to luciferase assay Figure 6 (a) Inhibition of invasion of heregulin-b1-treated SKBr3 cell by PD098059, RO318220, and SB203580. SKBr3 cells in serum-free DMEM/F12 were pretreated with or without inhibitors (20 mM PD098059, 2 mM RO318220, and 5 mM SB203580) for 1 h, then 20 ng/ml heregulin-b1 was added. Cells were collected 24 h later, retreated, and plated in the upper chambers (3.5610 4 cells in 0.1 ml DMEM/F12+0.1% BSA) and allowed to invade for 72 h. Negative controls are untreated cells with no chemoattractant (®bronectin) in the bottom chamber of the Transwell. Invading cells were counted in 6 High Power Fields per well. Duplicate wells were assayed for each sample. The bars represent the percent of invading cells compared to the heregulintreated sample without inhibitors. The experiments have been repeated three times. (b) A model of pathways involved in heregulin-b1-induced MMP-9 expression. Heregulin-b1 binds to ErbB3 or/and ErbB4 receptors which induce heterodimerization of these receptors with the ErbB2 receptor. This leads to activation of down-stream signaling pathways, among which are MEK?Erk, PLCg?PKC, PAK1?p38, and PI3-K?Akt pathways. This study shows that Erk, PKC, and p38 pathways are involved in heregulin b1-induced upregulation of MMP-9 upregulate MMP-9. This can generally be ascribed to cell type speci®city, as dierent cell lines may have dierent levels of signaling molecules and downstream transcription factors. We have demonstrated that blockage of either Erk kinase activation, p38 activation, or PKC activation could inhibit MMP-9 production (Figures 4 and 5) . Therefore, the inability of breast cancer cells to activate all these pathways to certain threshold levels might account for their inability to produce MMP-9. An extensive examination of the activation levels of signaling pathways in heregulin-b1 responsive and non-responsive cell lines may clarify this issue.
Heregulin-b1-induced increases of MMP-9 gelatinolytic activity were accompanied by increased MMP-9 protein level, which is likely the result of upregulated MMP-9 mRNA level (Figure 2) . In contrast to the dramatic increase in MMP-9 protein level after heregulin-b1 treatment, induction of transcription from the MMP-9 promoter as indicated by the luciferase assay was moderate (about 2.4-fold, Figure 3) . Furthermore, no signi®cant change in MMP-9 mRNA stability was observed in SKBr3 cells untreated or treated with heregulin-b1 (data not shown). Thus, the apparent dierence in the degrees of MMP-9 upregulation at protein and RNA levels could be due to the regulation of MMP-9 via other mechanisms such as translational and/ or post-translational regulations. Alternatively, some heregulin-b1-responsive elements may reside outside the 2.2 kb MMP-9 promoter region used in our study. Lastly, transcriptional upregulation of MMP-9 by heregulin-b1 could be moderate in nature, since heregulin-b1-induced transactivation from other promoters was reported to be moderate as well (Gramolini et al., 1999; Khurana et al., 1999 , Xiong et al., 2001 .
It has been reported that inhibition of the Erk kinase pathway blocked MMP-9 production in other cell lines (Simon et al., 1999) . However, only partial inhibition of heregulin-b1-induced MMP-9 upregulation by PD098059 was observed in SKBr3 cells (Figure 4a ) when cells were treated with 20 mM PD098059. This partial inhibition might be due to incomplete block of the Erk activation in SKBr3 cells at the 20 mM concentration of PD098059 (Figure 4a, right) . Further increase of PD098059 concentration in culture medium to 40 mM resulted in precipitation and crystallization of PD098059. Thus, we were unable to determine whether higher concentrations of PD098059 could completely inhibit Erk activity and block heregulin-b1-induced MMP-9 upregulation in SKBr3 cells.
A striking ®nding in this study was that induction of MMP-9 by heregulin-b1 was not dependent on the activation of a single signaling pathway but rather dependent on at least three signaling pathways; namely the Erk pathway, PKC pathway, and p38 kinase pathway. Although each single pathway was previously shown to be involved in MMP-9 production in dierent cellular settings (Huhtala et al., 1991; Moll et al., 1990; Simon et al., 1998 Simon et al., , 1999 , our study is the ®rst to report that heregulin-b1 can upregulate MMP-9 via simultaneous activation of multiple pathways in breast cancer cells (Figure 6b ). The chemical inhibitors we used to block the function of various kinases are reported to be highly speci®c (Simon et al., 1998 (Simon et al., , 1999 and caused no apparent phenotypical changes in cells during the assay. Among these, inhibitors that block PKC and p38 pathways had the most potent inhibitory eects, suggesting that PKC and p38 kinases may be more critical than the Erk kinase in heregulin-b1-mediated MMP-9 induction in breast cancer cells. Interestingly, inhibition of the PI3-K pathway had no eect on MMP-9 induction by heregulin-b1. We have previously reported that heregulin-b1 regulates MCF-7 cell aggregation through the PI3-K pathway (Tan et al., 1999) . Therefore, heregulin-b1 can regulate distinct cellular processes through dierent signaling pathways.
Considering the possible involvement of several signaling pathways in MMP-9 activation, we propose two models to interpret our results. In the ®rst model, we hypothesize that there is`cross-talk' between signaling pathways so that blocking one of the signaling pathways may aect the activation of another pathway. Indeed, some recent publications point out that PKC may function upstream of the p38 kinase pathway (Kozawa et al., 2000; Simon et al., 1998) . However, it is unlikely that all three pathways (Erk, p38, PKC) are activated in a sequential order. Therefore, an alternative model is that signals from all three pathways could merge on a common target complex and activation of this common target requires input from each single pathway. When the overall input reaches a threshold, transcription of MMP-9 is turned on. This model explains why blockage of a single pathway may abolish MMP-9 expression, and also why increased signals from one pathway (e.g. Erk pathway or PKC pathway) could lead to MMP-9 production (Gum et al., 1997; Huhtala et al., 1991; Moll et al., 1990) . We are currently investigating these possibilities.
Our ®nding that multiple signaling pathways control the upregulation of MMP-9 by heregulin-b1 (and possibly stimulation by other growth factors) has broadened our knowledge on the regulation of this important molecule involved in tumor invasion and metastasis. Our study implies that activation of MMP-9 by heregulin-b1 may highly depend on the nature of dierent breast tumors, such as their receptor levels and intracellular signaling networks. In addition, we can target more than one signaling pathway to repress MMP-9 expression. Indeed, applications of PD098059, SB203580, and RO318220 all dramatically inhibited breast cancer cell invasion in vitro (Figure 6a ). These data provide insights and more options for future clinical interventions of heregulin-b1-induced MMP-9 upregulation and invasion of breast cancers.
Materials and methods

Reagents
Recombinant human heregulin-b1 was purchased from NeoMarkers (Fremont, CA, USA). Wortmannin, PD098059, GO6976, RO318220, RO320432, SB203580, and PMA were from Calbiochem (La Jolla, CA, USA). MMP-9 antibody (Ab-1) was purchased from Calbiochem (La Jolla, CA, USA). Antibodies against Akt, p38, and Erk (including phosphorylated forms) were purchased from New England BioLabs (Beverly, MA, USA). MMP-9 CAT reporter plasmids were kindly provided by Dr Douglas Boyd from the University of Texas M.D. Anderson Cancer Center. These include a panel of serial deletion constructs (pMMP9-670CAT, pMMP9-323CAT, pMMP9-241CAT, and pMMP9-84CAT). The promoter regions were subcloned using PCR method into pGL3-Basic luciferase reporter (Promega) to make pMMP9 luciferase reporters. The 2.2 kb MMP-9 promoter was obtained by PCR using HT1080 genomic DNA as a template and primers of, forward 5'-GGTACCA-GAGCCAGGCAGTTCTGGGCTTGAACACTA-3', reverse 5'-GAATTCCACTGGGGCAACCCCCTGTCTTCC-3'. The PCR fragment is subcloned into pMMP9-670Luc and fused with the proximal promoter to generate pMMP9-2.2k-Luc.
Zymographic assay
Cells were seeded onto six-well tissue culture plates in DMEM/F12 medium with 10% FBS and were cultured to 80% con¯uence. Cells were then washed and starved in serum-free media for 16 h. Recombinant heregulin-b1 was added to a ®nal concentration of 10 ng/ml. After 24 h, conditioned media were collected and concentrated tenfold using Centricon spin columns (Amicon, Beverly, MA, USA) from 2 ml to 0.2 ml. Concentrated samples were subjected to 7.5% SDS ± PAGE with gel containing 1% gelatin (Sigma). After electrophoresis, the gel was washed four times in 50 mM Tris-HCl buer (pH 7.5) containing 2% Triton X-100. The gel was then washed once in 50 mM Tris-HCl buer (pH 7.5) containing 0.2% Triton X-100, 150 mM sodium chloride, 10 mM calcium chloride, and 1 mM zinc chloride, and incubated in the same buer overnight at 378C. The gel was then stained using 0.2% Coomassie Brilliant Blue R250 in 45% methanol and 10% acetic acid for 1 h and was destained in 20% ethanol and 5% acetic acid until the bands were seen.
Northern hybridization
Total RNA was prepared using RNAzolB reagent (TEL ± TEST Inc., Friendswood, TX, USA) following manufacturer's instructions. Plasmid carrying partial MMP-9 cDNA (pCR92ColIV) was kindly provided by Dr Douglas Boyd from the University of Texas M.D. Anderson Cancer Center. PCR92ColIV was digested with HindIII and EcoRI to release a *500 bp fragment which is unique in sequence and does not have a homologous region in other MMPs. 20 mg total RNA were separated by a 1% agarose gel containing 0.4 M formaldehyde and 1x MOPS buer. RNA was transferred to a nylon membrane (Hybond-N+, Amersham) and crosslinked using UV Stratalinker (Stratagene). The membrane is prehybridized in hybridization buer containing 50% formamide, 56SSPE, 26Denhardt's reagent, and 0.1% SDS at 428C for 1 h. 32 P-labeled MMP-9 probe was added to prehybridized membrane and hybridized overnight at 428C. The membrane was washed with 0.56SSC and 0.05% SDS for 20 min at 608C followed by washing in the same buer for 5 min at room temperature. The membrane was then dried and subjected to autoradiography.
RT ± PCR
Reverse transcription reaction was performed using SuperScript TM Pre-ampli®cation System from Life Technologies Inc. (Rockville, MD, USA) following the protocol provided by the supplier. Primer sequences for MMP-9 cDNA PCR are 5'-CTCCTCCCTTTCCTCCAGAACAGAA-3' (forward) and 5'-GGAGCCGCTCTCCAAGAAGCTT-3' (reverse). Primer sequences for b-actin cDNA PCR are 5'-GGCATGGGTCA-GAAGGATTCG-3' and 5'-AGCACAGCCTGGATAGCAA-CG-3'. Primers were used at a ®nal concentration of 0.5 mM. Reaction mixture was ®rst denatured at 948C for 1 min. The PCR condition was 948C 30 s, 588C 30 s, 728C 45 s, for 30 cycles, followed by 948C 30 s and 728C 5 min.
Luciferase assay
MCF-7 and SKBr3 cells were transfected with LipofectA-MINE following the protocol provided by the supplier (Life Technologies, Inc.). After 5 h, the media was changed to serum-free media. After overnight culture, heregulin-b1 was added to fresh serum-free media at a ®nal concentration of 10 ng/ml and cells were incubated for 24 h and scraped o into 1 ml PBS. Cells were spun down and lysed in 200 ml Passive Lysis Buer (Promega). After one cycle of freeze-andthaw, cells were spun down and 10 ml supernatant were used in luciferase assay using Microtiter 1 Plate Luminometer (Dynex Technologies, Chantilly, VA, USA).
In vitro chemoinvasion assay
SKBr3 cells in serum-free DMEM/F12 were pretreated with inhibitors (20 mM PD098059, 2 mM RO318220, and 5 mM SB203580) for 1 h before addition of 20 ng/ml heregulin-b-1 for 24 h. Polycarbonate-membrane invasion chambers from 24-well Transwell plates (Corning Incorporated, Corning NY, USA) were coated with a 1:80 dilution of Matrigel matrix (BD Biosciences, Bedford, MA, USA) and allowed to dry overnight. Chambers were rehydrated for 3 h in PBS before SKBr3 cells (3.5610 4 cells in 0.1 ml of DMEM/F12+0.1% BSA) were loaded into the chambers with or without heregulin and inhibitors. 0.6 ml of 40 mg/ml Fibronectin (BD Biosciences, Bedford, MA, USA) in the bottom of the wells served as chemoattractants and 0.6 ml DMEM/F12+0.1% BSA as a negative control. The invasion was allowed to proceed for 72 h, followed by ®xation, staining, and counting of cells as previously described (Tan et al., 1997) .
Abbreviations MMP-9, matrix metalloproteinase-9; Erk, extracellular response kinase; PKC, protein kinase C; PI3-K, phosphatidylinositol 3-kinase; PMA, phorbol 12-myristate 13-acetate; JNK, Jun amino-terminus kinase; TGF, transforming growth factor.
